The surface morphology and crystal structure change of dental zirconia after hydrofluoric acid (HF) etching were evaluated. Four groups of sintered zirconia specimens were 1) control group, 2) immersion in 9.5%HF at 25 o C for 1, 2, 3, or 24 h, 3) immersion in 9.5%HF at 80
INTRODUCTION
The use of high-strength zirconia ceramics has become increasingly popular in dentistry because of their excellent mechanical properties such as high flexural strength and toughness 1) , esthetic appearance 2) , and biocompatibility [3] [4] [5] . These ceramics are suitable for a variety of clinical applications, including: posts and cores 6, 7) , dental implants 8, 9) , orthodontic brackets 10, 11) , and fixed-partial dentures [12] [13] [14] [15] . Moreover, zirconia ceramic has a polycrystalline structure, which is acid resistant 5, 16) . For cementation, silica-based ceramics are etched to achieve good bonding through the use of hydrofluoric acid (HF) followed by silanization 5) . In contrast, zirconia is a silica-free ceramic, and is resistant to conventional etching techniques 5, 16) . Surface treatments such as air abrasion with aluminum oxide particles roughen the zirconia surface and increase the bond strength 17) . Other surface treatments of zirconia including laser treatment 18, 19) , selective infiltration technique (SIE) 20) , hot etching solution 21, 22) , nanostructured alumina coating 23) , and slurry-coated ceramic 24) have been developed to improve and enhance the surface roughened area to facilitate the mechanical interlocking of the ceramic and bonding resin.
Chemical bonding to the zirconia surface can be achieved using a variety of chemical substances. Silane coupling is recommended for use with silica-based material, but not for zirconia-based materials even if the zirconia surface has been coated with silica [25] [26] [27] [28] . Zirconate coupling agents and primer agents containing phosphate ester monomer such as 10-methacryloyloxydecyl dihydrogen phosphate (MDP) have been shown to increase the bond strength to zirconia [29] [30] [31] . Hydrofluoric acid (HF) treatment is commonly used on silica-based ceramics to react with, and remove, the glassy matrix that contains silica. This leaves the crystalline phase exposed, generating surface roughness [32] [33] [34] . This process also results in enhanced wettability and surface energy on the ceramic surface, which allows greater penetration of the resin cement tags, increasing the bond strength between the ceramic and cement 16, 35) . Recently, several studies have reported that high strength alumina-and zirconia-based dental ceramics cannot be etched with hydrofluoric acid because of their high crystalline phase content 5, 17, 20, 23, 24, 26, 31, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Further, most studies have shown hydrofluoric acid etched zirconia in terms of mechanical property, bond strength between the zirconia surface and resin cement, but did not vary the etching times and the concentrations of hydrofluoric acid 25, [36] [37] [38] . They also did not investigate the surface morphology changes. As a consequence, the aim of this study was to investigate the effect of hydrofluoric acid treatment on the surface topography and crystal structure of three commercially available partially-stabilized zirconia ceramics. The null hypotheses tested were (1) hydrofluoric acid cannot alter the zirconia surface topography, and (2) no crystal structure changes will be present on the etched zirconia surface.
Dental zirconia can be etched by hydrofluoric acid

MATERIALS AND METHODS
Three commercially available zirconia disk brands were evaluated in this study: KATANA Pre-Sintered Zirconia Block (Kuraray Noritake Dental Inc., Aichi, Japan), Cercon base (DeguDent, GmbH, Hanau, Germany), and ZENOTEC Zr Bridge (Wieland, Copenhagen, Denmark).
The pre-sintered zirconia disks of each brand were cut into square-shaped specimens (10×10×2 mm) and polished to a flat surface using dry 1200-and 2000-grit silicon carbide abrasive paper and blown with clean dry air for 30 s. The samples were sintered at temperatures recommended in the manufacturers' instructions. Table  1 shows the brand names, compositions, batch numbers, and manufacturer of the materials used in this study. Sixty-six specimens prepared from each brand were randomly divided into four groups. For groups 2 and 3, the specimens were divided into four subgroups (n=6) and the group 4 specimens were divided into two subgroups (n=6) according to the surface treatment performed. No treatment was performed for Group 1, which served as the control group. For the immersion procedure, the specimens were immersed in the HF solution contained in a polytetrafluoroethylene beaker and all processing was carried out in a fume hood. After achieving the indicated immersion time, specimens were rinsed with deionized water for 1 min.
Three specimens from each experimental group were randomly selected and ultrasonically cleaned in deionized water for 10 min, and then gently air-dried. The samples were analyzed under a scanning electron microscope (SEM) for surface topography analysis. The three remaining specimens of each of the experimental groups were subjected to X-ray diffraction (XRD) to determine the phases present and whether there was a phase transformation due to HF-etching.
Scanning electron microscopy (SEM) and X-ray diffraction (XRD) evaluation
The zirconia specimen disks from each experiment were air-dried, mounted on a brass stub with carbon adhesive tape, and gold sputter coated for 3 min (SCD 040, Blazers Union, Liechtenstein). Five surface topography areas were randomly selected and photographed using an electron microscope (JSM-5410LV, JEOL Limited, Tokyo, Japan) at 10,000× magnification and 15 kV accelerating voltage. XRD was performed using a diffractometer (D8 discover, Bruker AXS GmbH, Karlsruhe, Germany) and evaluated using Cu radiation at 40 kV and 40 mA to identify the crystalline composition phases on the zirconia specimen surface from each group. Diffraction patterns were collected within 10-65 2θ at a scan speed of 0.5 o /min, covering the area of highest peaks of tetragonal and monoclinic phases of zirconia.
RESULTS
SEM images of the zirconia surfaces from each brand are shown in Figs. 1-4 . The unetched zirconia surface of the control specimens ( Fig. 1) had a homogenous fine grain structure and closed inter-grain space. Figure 2 shows the zirconia specimen surface from each brand after immersion in 9.5% HF at 25 The zirconia specimens from each brand immersed in 9.5% HF at 80 o C for 1, 3, 5 or 30 min are illustrated in Figs. 3 (3a.1-3a.4, 3b.1-3b.4, and 3c.1-3c.4) . The dislodgment of superficial grains, irregular grain shape, decrease in grain size, and enlargement of inter-grain space was again present as immersion time increased. In addition, large holes were evident after an immersion time of 30 min (Figs. 3a.4, 3b.4 and 3c.4) . The XRD analysis of all unetched zirconia control surfaces demonstrated a tetragonal phase peak at approximately 30.24 2θ (Fig. 5a) . In contrast, a monoclinic phase peak at approximately 28.27 2θ was present in all of the HF treated specimens, as was the tetragonal peak (Fig. 5b) .
DISCUSSION
The purpose of this study was to evaluate the effect of hydrofluoric acid treatment on the surface microstructure of three dental zirconia ceramics. We found that hydrofluoric acid treatment was able to etch the zirconia ceramic, causing variation in surface topography. In addition, a phase transformation occurred in all the tested groups. Based on these results both null hypotheses were rejected. Hydrofluoric acid is the inorganic acid hydrogen fluoride. Industrially, hydrofluoric acid is used to etch silica-based materials, clean metal surfaces before electroplating, and etch silicon wafers in electronic semiconductor materials [47] [48] [49] [50] . Concentrations of 4%-10% hydrofluoric acid are typically used in the dental clinic and dental laboratory. These concentration ranges are considered safe for dental applications 51) . Chemically, hydrofluoric acid dissolves glass by reacting with silicon oxide, which is the main ingredient in glass. Dental porcelain consists of glassy and crystal phases, thus HF can dissolve the glassy phase, leaving the crystalline phase, creating surface roughness 16, 32, 33, [52] [53] [54] .
We found that immersing zirconia under moderate conditions (9.5% HF at 80 o C for 1 min or at 25 o C for 1 h) can create surface roughness. We also noted that the irregularities on the specimen surface increased as immersion times were increased and at higher etching solution temperatures. Zirconia treatment with 48%HF at 25 o C for 30 min resulted in a highly uneven surface compared with treatment under moderate conditions. These results are in contrast to previous studies on the etching of zirconia which used concentrations of HF ranging from 4.5-38% with etching times ranging from 1-12 min at room temperature 25, 36, 37, 55) . These studies' results showed that HF had no effect on the zirconia surface and concluded that HF could not react with the dental zirconia ceramic surface because it is a glass-free material.
We also found that levels of concentration, immersion times, and temperature of the acid solution affected the rate of reaction leading to micro-morphological changes.
The present study showed that hydrofluoric acid can etch the zirconia surface by corroding the zirconia grains. Images of the etched specimen surfaces revealed that the grain size decreased resulting in an increase in the inter-grain space and the zirconia grains were dislodged producing porosities on the surface.
It is known that dental zirconia is a single phase polycrystalline material; therefore, the chemical reactivity depends on the crystallographic orientation. Our study showed the morphology of zirconia surface changed after HF etching. This may be explained in that atoms around the crystal boundaries are more chemically reactive and dissolve faster than those inside the crystal, leading to the formation of irregular grooves around the crystals and grain size was reduction 56) . Most studies reported that HF treatment did not improve the bond strength between the zirconia surface and resin cement. From our study, HF etched zirconia produced a nano-irregular pattern. This may cause a lower bond strength because the high viscosity the resin cement cannot penetrate into the nano-porosity of the etched-zirconia surface.
Zirconia is a crystalline oxide of zirconium. The crystal structure of pure zirconia can change depending on the temperature: At temperatures below 1,170 o C, zirconia exists in the monoclinic form. At temperatures of 1,170 o C-2,370 o C the monoclinic structure transforms to the tetragonal form, while a cubic structure is present at temperatures over 2,370 o C. The addition of metal oxides such as magnesium oxide (MgO), yttrium oxide (Y 2O3), calcium oxide (CaO), and cerium oxide (Ce2O3) to pure zirconia can inhibit the transformation of the crystalline structure. These oxides can stabilize either the cubic or the tetragonal structure of the material at any temperature. The most effective stabilizing additive is yttrium oxide. Zirconia can be changed into partially stabilized zirconia and fully stabilized zirconia forms. Partially stabilized zirconia, will be in the tetragonal phase at room temperature. Fully stabilized zirconia is required for the cubic phase to be present at room temperature. Partially stabilized zirconia can be transformed from tetragonal to monoclinic structure 1, 4, 9, [57] [58] [59] [60] [61] . This can be caused by pressure or dry conditions known as "transformation toughening", and moist conditions known as "Low Temperature Degradation (LTD)" [61] [62] [63] [64] [65] . After etching with hydrofluoric acid under any of the above referenced conditions, all samples in our study exhibited a monoclinic zirconia peak in the XRD analysis. This indicates HF etching can induce the phase transformation of zirconia due to LTD. This likely occurred because the HF etching was applied with prolonged exposure to humidity at low temperature (room temperature -400 o C). While only three brands of dental zirconia ceramic were tested, the findings from this study revealed that HF can etch and corrode the zirconia surface resulting in micro-morphological change and phase transformation. Further investigations are needed to confirm the physical properties in terms of the surface roughness analysis and the surface chemistry of dental zirconia after HF-etching.
CONCLUSION
Within the limitations of our study, it can be concluded that hydrofluoric acid can etch dental zirconia ceramics, creating micro-morphological changes on the zirconia surface. Zirconia surfaces etched with hydrofluoric acid presented the tetragonal-to-monoclinic phase transformation.
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